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Heavy metal mediated inhibition of thAT-induced amino acid trans-
port. rBAT, a protein which is located in the brush border membranes of
intestine and renal proximal tubule cells, was recently shown to induce
electrogenic countertransport of neutral and dibasic amino acids after its
expression in Xenopus oocytes [1]. Here, we studied the effects of heavy
metals on rBAT induced amino acid transport in Xenopus oocytes to
clarify a possible involvement of rBAT in heavy metal-induced aminoac-
iduria. The heavy metals Hg2 and Pb2 inhibited rBAT-induced amino
acid transport with a different profile of action. The Pb2 mediated
inhibition occurred rapidly upon superfusion and was readily reversible
upon washout. The maximal inhibition caused by Pb2 was about 50% of
the amino acid-induced currents at an apparent affinity (K,,,) of about 10
saM. In contrast, the Hg2tmediated inhibition occurred rather slowly,
depending on its concentration, and was not reversible during washout
with control solution. However, the Hg2tmediated amino acid transport
inhibition could be reversed with Hg2 chelating agents and reducing
compounds. Other oxidative agents, such as the membrane permeable
2,2'-Dithio-bis(5-Nitropyridine) (DTNP), but not the membrane imper-
meable 5,5'-Dithio-bis (2-Nitrobenzoic acid) (DTNB), mimicked the
effect of Hg2t and their effect could similarly be reversed with 2,3-
Dihydroxybutane-1,4-dithiol (DTE). In conclusion, Pb2 and Hg2 inhibit
rBAT-indueed amino acid transport in a noncompetitive, allosteric fash-
ion. Blockade of rBAT-induced amino acid transport may be involved in
aminoaciduria following mercury or lead intoxication.
One of the target organs for mercury intoxication is the kidney,
where it inhibits the tubular reabsorption of neutral and dibasic
amino acids among other transport systems [2]. Recently, the
eDNA encoding the protein rBAT was cloned from rabbit, rat and
human kidney cortex [3—7]. The expression of rBAT in oocytes of
Xenopus laevis induces sodium-independent transport of both
dibasie and neutral amino acids including L-cystine. It thus
displays properties very similar to system b° [3-7], which has
been shown to accomplish intestinal and renal tubular transport of
dibasie and neutral amino acids in a Na-independent fashion.
rBAT has been shown to be expressed in brush border membranes
of both the renal proximal tubule and small intestine [8—11]. The
transport of amino acids via the rBAT induced system involves an
electrogenic exchange of neutral and dibasic amino acids [1]. A
defect in the gene encoding rBAT has recently been suggested to
cause human classic cystinuria, an inherited disorder of epithelial
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dibasic amino acid- and cystine-reabsorption in renal tubule and
gastrointestinal tract [12]. The aim of this study was to test
whether Hg2 and/or other heavy metals interact with the trans-
port of dibasic and neutral amino acids mediated by the rBAT
related protein.
Methods
eRNA encoding the rBAT transport protein was synthesized in
vitro as previously described [3]. Oocytes (Dumont stage V-VI)
were harvested from adult female Xenopus laevis under anesthesia
(0.1% 3-aminobenzoic acid ethyl ester; Sigma). Theca and follie-
ular layers were removed by incubation for one hour in Ca2-free
and 82.5 mrvt NaCl ND-96 solution with 0.1% collagenase A
(Boehringer lot #72). Denuded oocytes were each injected ito 24
hours later with 1 ng cRNA (in 50 nl). Oocytes were incubated at
18°C for up to i20 hours in ND-96, which is 96 mrvi NaC1, 2 m
KC1, 1.8 mat CaCl2, 1 mat MgCl2, 2.5 mat sodium pyruvate, 0.5 mM
theophylline, 5 mat Hepes, and gentamyein (50 tgIml) [13]. The
pH was adjusted to 7.5 with NaOH. Two microelectrode (resis-
tance 0.8 to 1 megohm) voltage and current clamp recordings
could be performed three to eight days after injection by using
standard techniques (A.S. Finkel and P.W. Gage, editors, Balti-
more, Williams and Wilkins, 1985, pp. 47—94). Oocytes were
continuously superfused with ND-96 (pyruvate, theophylline, and
gentamycine omitted) at room temperature. The solution flow was
adjusted to 20 ml/min which warranted a complete solution
exchange in the recording chamber within 10 to 15 seconds. The
amino acids were added to the solution at the indicated concen-
trations. In all experiments the pH was adjusted by titrating to the
pH indicated using HCI or NaOH. Amino acid induced voltage
changes or currents were filtered at 10 Hz and recorded on a chart
recorder. In voltage clamp experiments the holding potential was
—50 mV. The maximal current amplitude induced during amino
acid superfusion was measured. Inward currents are given with
the prefix —. Where possible we show experimental data obtained
at the same day for a specific set of experiments on one oocyte,
repeated with N oocytes derived from one frog. All experiments
have been repeated with two to three batches of oocytes; in all
repetitions qualitatively similar data have been obtained. All data
are given as means (± sEat) where N gives the number of
experiments performed. Chemicals used were HgCl2, Pb(NO3)2,
CdCl2, DTNP, DTNB and DTE (Sigma). These compounds were
applied alone (prior to amino acid transport) and in combination
with the indicated amino acids.
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Fig. 1. Effects of Pb2 on L-leucine and L-atginine (0.1 mM) induced
currents in Xenopus oocytes expressing rBAT. (A) L-leucine (1 m'xi, upper
panel) and L-arginine (0.1 mai, lower panel) induce at a holding potential
of —50 mV outwardly and inwardly directed currents, respectively. These
currents are dose-dependently inhibited by Pb2. The arrows indicate the
start of a 20 second superfusion period with the respective amino acids.
(B) Dose-inhibition correlation of Pb2 on amino acid induced currents.
Symbols are: (•) L-arginine; (A) leucine. The data were fitted to the
equation inhibition = maximal inhibition*[Pb2+]h/([Pb2+]I + Km). The
data are given as means SEM.
Results
Exposure of Xenopas oocytes expressing the rBAT protein to
the dibasic amino acid L-arginine (0.1 mM) lead under voltage
clamp conditions to an inward current, that is, a net transfer of
positive charges into the cell (Fig. 1). In contrast, addition of the
neutral amino acid L-leucine (1 mM) to the bath of the same
oocytes induced an outward current, that is, a net positive charge
transfer from cell to extracellular space (Fig. 1). As shown
previously [1], these concentrations of the amino acids are satu-
rating in respect to induced current.
Superfusion of the oocytes with Cd2 at the maximally tested
concentration of 0.1 mM did not alter the amino acid induced
currents (N 4; data not shown).
In contrast, Pb2 inhibited the L-arginine and L-leucine in-
duced currents at concentrations >1 MM (Fig. 1A; N = 6).
Because of the low solubility of Pb2, concentrations >100 MM
0
0.001 0.01 0.1
Amino acid concentration, flM
Fig. 2. Effects of Pb2 on L-wginine and L-leucine kinetics. Symbols are:
([1) L-arg, Km 0.014 0.003 mM; (—--U——) L-arg + Pb2, Km 0.014
0.014 mM; (—e—) L-leu (Km 0.182 0.020 mM; (————) L-leu +
Pb2, Km 0.103 0.03 mrvi. Under Pb2 the maximal L-arginine and
L-leucine inducable currents are reduced, but the apparent K,, for the
individual amino acids is not altered. The graph gives the means (± SEM)
of Hg2 and DTE on amino acid induced currents. The data were fitted to
the equation "max = jextrmax*km10 acidj1/([amino acid]' + Ic), where
'max was the recorded maximal current, while 'xxtr max represents the
extrapolated maximal current.
could not be used. The effects of Pb2 occurred rapidly and were
completely and promptly reversible upon washout. The estimated
inhibition constants (I() for L-leucine and L-arginine induced
currents were 10.3 0.8 MM and 10.1 1.5 MM, respectively, and
not significantly different (Fig. 1B; N = 6). The calculated
maximal inhibitory effects were —45.9 3.8% and —51.2 6.1%
(N = 6) for L-arginine (0.1 mM) and L-leucine (1 mM) induced
currents. As shown in Figure 2, Pb2 (0.1 mM) decreased L-
arginine and L-Ieucine induced currents at each amino acid
concentration tested. Under Pb2 (0.1 mM) the extrapolated
maximal currents induced by the individual amino acids were
reduced by —37.0 4.8% (N = 4) and —63.0 1,7% (N = 4) for
L-arginine and L-leucine, respectively. The estimated Km for
L-arginine was 0.014 m which was not different in the absence
and presence of Pb2 (N = 4). For L-leucine the estimated Km
was also not significantly different in the absence and presence of
Pb2 (0.182 0.020 m and 0.103 0.030 mM, respectively; F>
0.05; N = 4).
Hg2 also inhibited amino acid transport mediated by the
expression of rBAT. However, the inhibition of amino acid
transport caused by Hg2 was qualitatively and quantitatively
different. The steady-state inhibition of amino acid transport
caused by Hg2 occurred very slowly and depended on the
concentration of Hg2 applied. Inhibitory effects of Hg2 were
observed for concentrations as low as 30 nM. At 1 MM Hg2
inhibited L-arginine and L-leucine induced currents within 15
minutes of superfusion by —67.0 1.6% (N = 6) and —75.2
1.9% (Fig. 3; N = 6), respectively. Because the Hg2 inhibition of
rBAT induced transport occurred slowly and did not reach a
steady state inhibition even after 15 minutes a detailed kinetical
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Fig. 3. Effects of fIg (1 jsM for 15 mm) on L-leucine (L) and L-arginine
(R) induced currents. (A) L-leucine (1 mM) and L-arginine (0.1 mM) were
superfused for 20 seconds beginning at the arrows. The Hg2 inhibition is
only reversible in the presence of DTE. (B) The means (± SCM) of Hg2
and DTE on amino acid-induced currents. Symbols are: (•) control; (D)
Hg2; (Li) wash; () DTE.
solution could not reverse the Hg2 mediated inhibition. How-
ever, when the reducing agent DTE was added, both the L-
arginine and L-leucine induced currents completely recovered
from Hg2 blockade (Fig. 3; N = 6). DTE alone without
preceding application of Hg2 did not significantly alter the
L-arginine and L-leucine induced currents (N = 5; data not
shown).
To test if an oxidative effect of Hg2 could be responsible for
the observed inhibition of the rBAT-induced amino acid trans-
port, the oxidative agents DTNP and DTNB were used. Similar to
Hg2 the membrane permeable DTNP (100 xM) decreased the
L-leucine and L-arginine induced currents after 10 minutes of
superfusion by —49.2 8.6% and —54.2 7.9%, respectively
(Fig. 4; N = 6). This inhibition was irreversible upon washout, but
was greatly reversible after addition of DTE (5 mM) to the control
solution (Fig. 4). In contrast, the membrane impermeable DTNB
Fig. 4. Effects of DTNP and DTNB on L-leucine (L) and L-a,inine (R)
induced currents. L-leucine (1 mM) and L-arginine (0.1 mM) were super-
fused for 20 seconds beginning at the arrows. (A) DTNP (100 ILM) inhibits
L-leucine and L-arginine induced currents, an effect which is greatly
reversible in the presence of DTE (5 mM). (B) The means (± SEM) of
DTNP, DTNB and DTE on amino acid induced currents. Left symbols
are: (•) control; (0) DTNP; (0) wash; () DTE. Right symbols are: (•)
control; (PA) DTNB. As can be seen on the right side, DTNB (100 M)
does not significantly affect amino acid induced currents.
did not alter the L-arginine and L-leucine induced currents (data
not shown; N = 6).
Discussion
As reported previously [1], rBAT mediates the expression of an
amino acid exchanger accepting both neutral and dibasic amino
acids. As both neutral and dibasic amino acids are available in the
intracellular space, the exclusive addition of leucine to the extra-
cellular space produces an outward current due to exchange of
extracellular leucine with intracellular dibasic amino acids. The
exclusive addition of arginine in the bath creates an inward
current due to exchange of this positively charged amino acid with
intracellular neutral amino acids.
According to the present data, both, Pb2 and Hg2 interfere
with the currents induced by either neutral or dibasic amino acids.
However, the heavy metals inhibit amino acid transport by distinct
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mechanisms. Pb2 decreases the maximal transport rate but does
not decrease the apparent affinity of the carrier for the amino
acids. Accordingly, Pb2 induced inhibition, which occurred rap-
idly and was promptly reversible upon washout, is due to an
allosteric effect.
In contrast, Hg2 mediated inhibition occurred slowly and was
irreversible under control conditions. Because the inhibition
exerted by Hg2 could be reversed by the reducing agent DTE
and mimicked by membrane permeable but not membrane im-
permeable SH-group agents, an oxidative effect of Hg2 on the
intracellular domain of the transport protein may be the main
mechanism for amino acid transport inhibition. This interpreta-
tion is also supported by the recent observation of intra- and
extracellular Hg2 effects on the renal K channel 'sK There,
intracellular Hg2 action was only reversible in the presence of
DTE, while the extracellular effects of Hg2 were rapidly reversed
upon washout in control solution [141. However, our data cannot
exclude extracellular effects of Hg2 on rBAT-induced amino acid
transport. Hg2 has previously been shown to interact with
sulfhydryl groups [15, 16] and dithiothreitol has been shown to
protect the kidney from mercury intoxication [17, 18]. In MDCK
cells, Hg2 has been shown to slowly activate K channels, an
effect similarly irreversible and similarly sensitive to dithiotreitol
[19]. Hg2 has further been shown to increase intracellular Ca2
activity [17, 20, 211, an effect, however, requiring concentrations
beyond 1 M or exposure times greater than a few minutes [221.
Moreover Hg2 blocks Na-K-ATPase by a ligand dependent
and reversible mechanism [23].
In summary, both Pb2 and Hg2 inhibit rBAT-induced amino
acid transport. They both are known to produce cell injury in the
kidney, but detailed molecular mechanisms underlying these
events have not been completely analyzed. The nephrotoxicity of
these agents is due, in part, to the fact that Hg2 and Pb2
accumulate in the kidney after systemic application [24—27]. The
complex proximal tubular dysfunction as seen in acute lead or
mercury nephropathy [28 —301 with the development of a Fanconi-
type syndrome could be partially explained by direct inhibition of
distinct transport proteins by these agents, as has been shown in
this study for rBAT.
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